Suppression of collisional decoherence 
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We employ a continuous dynamical decoupling scheme to suppress the decoherence induced by 
elastic collisions of cold atoms. Using a continuous echo pulse we achieve a thirty-fold increase in 
the coherence time of 87 7i6 atoms trapped in a dipole trap. Coherence times of more than 100ms 
are demonstrated for an ensemble with an optical depth of 120. 
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An ensemble of two level quantum systems coupled to a 
fluctuating external environment is a common paradigm 
in many fields of study. This coupling leads to decoher- 
ence that limits the usefulness of these systems. Applica- 
tion of external pulses can reduce the decoherence by uti- 
lizing symmetry properties of the coupling Hamiltonian 
to average out its effect, a method commonly referred to 
as Dynamical Decoupling (DD) [TJ [2J. Experimentally, 
DD is used in solid NMR [3] and it was recently demon- 
strated to increase the coherence time of trapped ions 
[3]. In this letter we report our experimental study of 
DD on an ensemble of cold atoms, where the fluctuations 
arise from velocity-changing clastic collisions in inhomo- 
geneous fields. Our decoupling scheme is, to the best 
of our knowledge, the first experimental demonstration 
of the so called 'Eulerian decoupling', i.e. a continuous 
robust version of DD [5]. 

Cold atomic ensembles are promising candidates for 
quantum memory devices, which are the key component 
in modern quantum communication network architecture 
[B]. Their main advantage is the high optical depth which 
was shown to be the main factor influencing the overall 
storage and retrieval efficiency [7j. On the other hand, 
a large optical depth usually implies a fast collision rate, 
which leads to a rapid loss of coherence. Although many 
of the building blocks of quantum networks have been 
demonstrated experimentally using cold atomic ensem- 
bles [8j [9] [10], a short coherence time is a severe limi- 
tation. Recently, a record coherence time for quantum 
memory of several milliseconds [TTJ [T2] and storage time 
of 240ms for classical light storage in a Mott-insulator 
[T5] were reported. Nevertheless, the optical depth in 
these experiments was around 5 which limits the over- 
all efficiency to ~ 50%, compared to more than 95% for 
OB > 100. 

An ensemble of two-level systems is usually subjected 
to two kinds of fluctuating fields that lead to dephas- 
ing: time and space dependent. Static inhomogencitics 
can be overcome completely by a single population in- 
verting pulse (tt pulse) in the middle of the experiment 
- the celebrated coherence echo technique [14 . Time de- 
pendent fluctuations, on the other hand, pose a long- 
standing challenge, and their effect is usually irreversible. 
For atoms trapped in a red-detuned far off resonance laser 



beam there are several sources for inhomogcncous energy 
splitting between the internal states: differential ac Stark 
shift due to a difference in the detuning for each internal 
state [15] , density dependent interaction shift [16] and in- 
homogcncity of externally applied fields. Coherence spin 
echo with cold atoms at low densities was demonstrated 
in [T7] [T5] [THl [20] . The technique relies on the assump- 
tion that each atom is affected by the same averaged 
fields before and after the echo pulse. This assumption 
holds if the trajectory of each atom is bounded in some 
area in phase space, as is the case for Gaussian shaped 
traps but not, for example, for traps with underlying 
chaotic dynamics [2T] 155] . Velocity-changing elastic col- 
lisions randomize the atomic trajectories in the trap and 
hence are expected to prevent a coherence echo at high 
densities [25] . In addition to velocity-changing collisions, 
interatomic interactions contribute as a mean field energy 
shift, but if the density distribution is in equilibrium this 
has an effect of a static spatial inhomogeneity [1^] . 

Our DD scheme reduces decoherence induced by colli- 
sions by applying a continuous pulse which induces pop- 
ulation flipping between the two internal states (Rabi 
oscillations). Let us first consider a simpler case where 
we give a series of instantaneous tt pulses. If the time 
between the pulses is much shorter than the mean time 
between collisions, then in most cases there are no colli- 
sions during the echo period, and dephasing will be elim- 
inated. Only pulses between which a collision occurs do 
not average out the inhomogeneous broadening, accumu- 
late a phase and contribute to decoherence. We denote 
by t e the period between echo pulses, by r co / the collision 
rate and by 70 the inhomogeneous broadening dephasing 
rate, then the decoherence factor for every rj Q , duration 
can be at most i e 7o, and the coherence decay rate can be 
written as j c = T co it e jQ. Going to the continuous echo 
case, we substitute in the previous analysis t e = % ■ ft , 
where we denote the Rabi frequency by O, and find the 
following scaling law for the coherence time [24] 

7-c ~ T^r^n/Tr . (1) 

Notice that this derivation is only valid for U/tt ^> T co i . 

The experimental setup is depicted in Fig. [T] Initially 
- 10 9 s7 Rb atoms are trapped and cooled in a magneto- 
optical trap (MOT), and further cooled by Sisyphus and 
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Raman sideband cooling techniques [25 . At this point 
there are ~ 10 8 atoms with a phase space density of 10~ 3 , 
80% of them populating 1 5 2 5"i / 2 , F — l;mf = l) and the 
rest populating |5 2 <Si/ 2 , F = 1; m/ = 0). The atoms are 
loaded into a dipole trap created by two crossing beams 
at an angle of 28°, creating an oval trap with an as- 
pect ratio of 1:3.9. The laser beams originate from a sin- 
gle frequency Ytterbium fiber laser at 1064nm, and they 
have orthogonal polarizations and differ in frequency by 
120MHz to eliminate standing waves. The spontaneous 
scattering rate is less than Is -1 , and the trap lifetime 
is better than 5s, both much longer than the relevant 
timescales in the experiment. The detection is done by 
either absorption imaging using a CCD camera or fluo- 
rescence detection using a photomultiplier tube. Using 
absorption imaging we can measure the density distri- 
bution of the atoms, and infer their temperature using 
time of flight technique. From measurements of the to- 
tal number of atoms, temperature and trap oscillations 
frequencies we can determine the density and collision 
rate of the trapped cloud. Unless otherwise stated, the 
experiments are done with a beams waist of 50/im and 
total power of ~ 6 AW. We measure the radial oscillation 
frequency to be 2ir ■ 943Hz. Evaporation is performed to 
remove atoms trapped in areas other than the crossing 
region. The final conditions are: total number of atoms 
N = 200, 000, temperature T = 22/iK, maximal density 
p = 7T0 12 cm -3 , and average collision rate T co i — 175s -1 
|26j . The calculated optical depth for the long axis is 120. 

Interrogation and manipulation are done on the two 
internal levels: |1) = \5 2 S 1 / 2 ,F — l;m/ = 0) and |2) = 
|5 2| $i/2) F = 2; rrif = 0), which are to a first order Zee- 
man insensitive. We apply a magnetic field of 2 AG af- 
ter the atoms are loaded into the dipole trap to lift the 
degeneracy of the m ^ states. A microwave (MW) 
field is radiated to the atoms by a standard horn an- 
tenna, and due to magnetic dipole interaction with the 
atoms it induces coherent transitions between the two 
states. The antenna is driven by an amplified oscillator 
locked to atomic standard whose frequency and power we 
control by a computer. We measure the average atomic 
states population by means of a normalized state detec- 
tion scheme |27j . We calibrate the transition frequency 
between the two internal states by inducing a long 100ms 
MW pulse whose power is adjusted to induce a popula- 
tion flip between the states (jr pulse) . The transition fre- 
quency was measured to be /o = 2ir ■ 6, 834, 685, 665Hz. 
All MW frequency detunings given hereafter will be rel- 
ative to this value. Another important characterization 
of the setup is the spin relaxation time (Xi) which funda- 
mentally limits the attainable coherence time. We mea- 
sure the relaxation time by applying a 7r pulse and after 
some time another 7r pulse, m-changing spin exchange 
collisions in each hyperfine manifold cause depopulation 
of |2). We have measured a 1/e decay time of T\ = 317ms 



MW antenna 




FIG. 1: The experimental setup. See description in text. 

which is longer than all other relevant timescales in the 
experiment. 

We characterize the dephasing caused by inhomo- 
geneous broadening by means of a Ramsey exper- 
iment [35]. We prepare a coherent superposition 
= 1 / a/2( 1 1) + |2)) by applying a 7r/2 pulse with a 
detuning S = 2ir ■ 2kHz, wait some time and then give 
a second tt/2 pulse. The Ramsey fringe visibility as 
a function of time is a measure to the coherence of 
the atoms. We fit the fringe envelope to the function 
a + 6(l + 0.95-(t/r) 2 )- 3 / 2 [29], where r is the 1/e decay 
time. The experimental results, presented in Fig. [2]\, 
show a decay time of r = 18.6ms. Calculation of the 
inhomogeneous broadening weighted by the thermal dis- 
tribution of the atoms in the traps yields an expected 
r = 9ms, which is shorter than the measured value. We 
attribute the increase in the experimental dephasing time 
to slower atomic phase spreading owing to the collisions 
[IS] . In Fig. [2j3 the results of an echo experiment are 
shown together with a fit yielding r — 26ms, showing 
that the echo indeed fails after a few collision events on 
average as expected. The role of collisions is farther em- 
phasized by repeating these experiments with a lower col- 
lision rate of 43s _1 . The results of a Ramsey experiment 
yielding a decay time of r = 5.1ms is shown in Fig. [2p 
and the corresponding echo experiment shown in Fig. |2p) 
yields a decay time of t = 84ms which is more then 16 
times longer. A small revival is noticeable in the Ramsey 
signal at t — 10ms, and it originates from the interfer- 
ence of the main Ramsey signal with the signal of atoms 
trapped in the wings of the crossed dipole trap. These 
atoms experience a different average detuning which cor- 
responds to half the trap depth, which in our case is 
2tt • 65Hz. 

We now demonstrate the use of a continuous echo pulse 
to suppress decohcrcncc due to collisions. We prepare an 
initial coherent superposition = l/v2(|l) + |2)) by 
applying an on-resonance 7r/2 pulse. We then switch 
on a continuous MW pulse with a Rabi frequency of 
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FIG. 2: Graphs A and C are Ramsey measurements and 
graphs B and D are echo measurements. Graphs A and B 
were done with four times the collision rate of graphs C and 
D. The conditions for experiments A and B were the ones 
already mentioned in the text, whereas experiments C and 
D were done in a different trap waist and power yielding 
the following conditions: u) OS c,r = 2-7T ■ 300Hz, T = 17.5fiK, 
p = 2- 10 12 cm" 3 , N = 1.2 • 10 6 and F coi = 43s -1 . Red lines 
are fits to the function ae /T +6. The x-axis in the Ramsey 
experiments is the time between the two pulses, and in the 
echo experiments it is the time between the first 7r/2 pulse 
and tv pulse. The y-axis is the population at \2) normalized 
to 0.2. In the echo experiments since all population is ini- 
tially at |1), a value of zero means complete coherence echo, 
and a value of 0.5 means complete decoherence. The Ramsey 
(echo) experiments were done with a detuning of 8 — 27r-2kHz 
(5 = 0). The 7r pulse duration in all experiments is ~ 100/is. 



f2 = 2n ■ 4333Hz for a duration T, after which we give 
another n/2 pulse and scan its phase <f). If the phase 
of the continuous pulse is kept constant then T should 
be chosen such that T = N ■ 2tt£1~ 1 , where N is an in- 
teger, and thus the final state is identical to the initial 
state. For large T and N this requirement results in a 
high sensitivity to several experimental parameters such 
as MW power and frequency and magnetic fields. Al- 
ternation of the phase of the MW radiation by ir every 
fixed duration T s can minimize this sensitivity. T s can 
be chosen freely as long as the total pulse duration T 
is an even multiple of it. In the experiment presented 
here we switch the phase of the continuous echo pulse in 
the middle such that T — 2T S . The experimental results 
given in Fig. [3] show the suppression of the decoherence 
of the state The results for T = 50ms show a sig- 
nificant coherent contrast compared to T = 5ms, and as 
a reference we repeat the experiment without the con- 
tinuous echo pulse (black graph) and observe complete 
decoherence. We have repeated these experiments with 
different initial states which can be prepared by chang- 
ing the relative phase between the first and second MW 
pulses. We observe the suppression of decoherence for all 
initial states, but with different decay rates. The state 
in which the relative phase between the pulses in 




FIG. 3: Coherence contrast for T = 5ms (red), T = 50ms 
(blue) with a continuous echo pulse of Q — 2tv- 4333Hz, and at 
T = 50ms without the pulse (black). The x-axis is the phase 
of the last pulse, and the y-axis is the normalized population 
at |2). We fit the data to the function Acos(kx + tt/2) + 
B, and find the amplitude A to be 0.24, 0.11 and 0.01 for 
the red, blue and black datasets, respectively. The coherence 
time calculated from these values is 58ms. The data is an 
average over 20 datasets for T = 5ms and 10 datasets for 
T = 50ms, and due to this average there is a slight reduction 
in the contrast at T = 50ms, which result in a slightly lower 
value for the coherence time compared to the results which 
are going to be presented later. 



zero, gives the fastest decay rate, and therefore it consti- 
tutes the lower bound of the coherence time. 

We now turn to quantitative characterization of the 
coherence time dependence on the Rabi frequency of the 
continuous echo pulse. In general, we want to prepare 
an initial coherent superposition = l/\/2(|l) + |2)), 
apply the continuous Rabi pulse for a changeable dura- 
tion, and finally measure the ensemble average coherence. 
Measuring Rabi oscillations vs time is exactly such a mea- 
surement, since the first tt/2 part of the oscillation pre- 
pares the state, afterwards the pulse continues and finally 
the fringe contrast after some time t is a measure of the 
remaining coherence. An example of such a measurement 
for two Rabi frequencies is shown in Fig. [4j where the 
slower decay rate of the envelope of the oscillations with 
higher Rabi frequency is evident. For il = 2ir ■ 4800Hz 
we observe a cumulative phase noise with time because 
of the reasons explained before, but for the present mea- 
surement it is not a problem since we are only interested 
in the decay of the oscillations envelope. In the anal- 
ysis of the data we take the standard deviation of 24 
successive points and fit the result with an exponential 
decay function: ae~*/ Tc + b, where t c is the coherence 
time. It can be shown that such an analysis is not sensi- 
tive to the described phase noise. In the inset of Fig. [5] 
we present the envelopes of three such measurements for 
three Rabi frequencies, together with their corresponding 
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time by a factor proportional to the ratio of the Rabi 
frequency to the average collision rate, giving a maxi- 
mum coherence time of more than a 100ms, where the 
limiting factor is the available MW power. Using higher 
microwave power and more sophisticated pulse sequences 
[5U] it should be possible to increase the coherence time 
much more. Another promising prospect is performing 
light storage and quantum memory experiments incor- 
porating our technique. 

We thank Rami Pugatch for helpful discussions. We 
acknowledge the financial support of MINERVA, ISF, 
and DIP. 



Time [ms] 



FIG. 4: Rabi oscillations with two different Rabi frequencies: 
= 2ty ■ 4800Hz and SI = 2ty ■ 540Hz for the lower and upper 
graphs, respectively. The x-axis is the duration of the MW 
pulse, and the y-axis is the normalized population at |2). The 
upper graph contains 4000 data points, with approximately 8 
points per single Rabi oscillation. The inset is a zoom in on 
several such oscillations, datasets. 
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FIG. 5: Coherence time versus the Rabi frequency of the 
continuous echo pulse. The linear fit to the data yields: r c = 
0.022 ■ fl/2-K — 4.86 (the linear fit only has a meaning for Q 
r co ;). The inset shows the envelopes of three Rabi frequencies 
together with their fits to the function ae~ l ^ T + b. 

fits. In the main graph of Fig. [5] we plot the measured 
coherence time as a function of the Rabi frequency. The 
expected linear dependency as derived in Eq.([T|) can be 
clearly seen, from which we estimate the inhomogencous 
dephasing to be 7jj~ = 7.7ms in reasonable agreement 
with the calculated value of 9ms. For the highest Rabi 
frequency we were able to apply we attained a coherence 
time of more than 100ms. 

In summary, we have shown that elastic collisions in 
cold dense atomic ensembles randomize the atomic tra- 
jectories and cause the single echo technique to fail. Ap- 
plying a continuous echo pulse increased the coherence 
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